Several applications including post-combustion carbon capture require capturing CO 2 under humid conditions. To obtain a material capable of interacting more strongly with CO 2 than water, surface hydrophobicity and polarizing pores have been incorporated simultaneously into an ultra-microporous Bakelite-type polymer comprising of triazine-triresorcinol building units. Being built from C-C bonds, it exhibits exceptional chemical stability (survives conc. HNO 3 (g) + SO 3 (g) without losing any porosity).
Introduction
High surface area Metal Organic Frameworks (MOFs), Covalent Organic Frameworks (COFs), porous polymers, traditional zeolites and inorganic mesoporous materials are being investigated steadily for their applications in gas capture and separation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In many of the metal-organic based sorbents there are still severe concerns regarding their stability to extremely harsh environments which constitute the majority of industrial effluents (steam, acidic vapors, basic conditions, particulates, etc.). [1] [2] [3] [4] [11] [12] [13] [14] To address water stability, recently, modication in terms of the choice of the metal (Zr, Al, Cr, and Ni) or hydrophobic side chains or protecting groups on the ligand backbone have been carried out to improve the stability. [15] [16] [17] [18] [19] Here we have taken a slightly different approach, wherein we have made metal-free organic frameworks built from exceptionally strong C-C bonds to address the stability issues. Of course, a similar approach has been adopted before, resulting in several porous polymers and composites. 6, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Some of them have shown excellent stabilities and CO 2 capture capabilities. [27] [28] [29] [30] [31] [32] [33] [34] Recently, a family of porous covalent triazine frameworks (PCTF) 35 have been synthesized under ionothermal conditions. They have nano-to microporous frameworks and some show exceptionally high surface areas (2235 m 2 g À1 ) 36 and exhibit good selectivities for CO 2 over N 2 and CH 4 . 35, 36 Melamine based microporous organic polymers, 37 polymer nanosieve membranes, 38 and polyethylene type porous organic polymers have also been investigated for gas adsorption. 39 However, very few polymers have a CO 2 uptake above 2 mmol g À1 under ambient conditions (Table S1 †) with reasonable selectivity (>100). For example, some of the Porous Aromatic Framework (PAF) series show uptakes in excess of 2 mmol g À1 under ambient conditions. 40 A series of porous polymer networks (PPNs) with exceptionally high surface areas and high pressure CO 2 , CH 4 and H 2 capacities have been reported by Yuan et al. 31 But the compounds from both the PAF and PPN series do not have sufficiently high CO 2 selectivities. However, loading of polyamines into PAF-5 gave excellent CO 2 adsorbents, but such sorbents requiring a guest loading could have issues with obtaining consistent guest loading across multiple batches and during scale up, which has been realized also by the authors. 41 We believe that it is advantageous to have active sites as a part of the framework. The advantage of using porous organic polymers was exemplied in a recent report wherein a humidity swing was employed to carry out CO 2 capture. 42 Also, the inherent ability of polymer derived porous carbons to capture CO 2 under humid conditions was demonstrated by Lu and co-workers. 43 In addition to the consideration of the stability of the material to humidity, its impact on CO 2 /N 2 separation is also important. 9, 27, 44 In a typical post-combustion CO 2 capture by solid adsorbents the effluent or ue gas at 90-100 C is cooled down to 50-30 C, stripped of acidic vapors (NO x and SO x ) and water vapor and then the relatively dry stream (85% N 2 : 15% CO 2 ) is fed to the CO 2 recovery/adsorption unit. 3, 11, 45 The extent to which the ue gas stream is stripped of acidic fumes and dried has a direct impact on the cost and design complexity involved in the capture process itself. Developing solid sorbents which exhibit very good stability towards heat, steam and acidic fumes, with good CO 2 uptake at room temperature and 1 bar and high CO 2 /N 2 selectivity could minimize or take away stripping of humidity and reactive vapors and thereby could bring down the parasitic load on the process. Cross-linked organic oligomers and polymers are known for their exceptional chemical and thermal stability. [24] [25] [26] [27] [28] [29] [30] [31] 46, 47 When made from bulky monomers devoid of highly polar acidic or basic functionalities these cross-linked polymers occur as an insoluble powder, however, they generally do not have sufficient functionality to polarize gas molecules or to interact with them via other weak forces. Many of them show N 2 uptake at 77 K while their CO 2 capture abilities have not been explained. 24, 25, 39 In microporous polymers wherein CO 2 capture has been observed, 25, 48 majority of the CO 2 capture happens via gas trapping in the micropores, and such pores could be amenable to water molecules as well. Very recently, CO 2 capture using benzimidazole and triazine based polymers was reported, 49,50 but they were not evaluated for CO 2 capture under humid conditions. To capture CO 2 under the humid ue gas conditions, functionalizing a pore with polarizing and basic groups favoring interactions with CO 2 and simultaneously providing hydrophobicity to the pores would be effective, but this is quite challenging. In fact, MOFs made of highly polar carboxylates, phosphonates, sulfonates tend to interact with CO 2 via dispersive, electrostatic and quadrupolar forces which make them as excellent CO 2 sorbents. 51 Similarly, zeolites used in CO 2 scrubbing, Zeolite-13x, has polarizing pore walls. 52, 53 Unfortunately, most of these polar MOFs adhere to water as much as they adhere to CO 2 . When such polar groups are sheathed by protective groups, a drastic decrease in CO 2 -framework interactions results, 54 this makes tuning the material for CO 2 over water a very tricky task. In an attempt to address the stability issues and capture of CO 2 under humid conditions, here, we report a triazine-triresorcinol based ultramicroporous polymer having a highly hydrophobic surface and polar pore walls combining to form a Hydrophobic Polar Framework (HPF-1). Furthermore, we have used Tight-Binding Density Functional Theory (DFT-TB) calculations to simulate the structure of HPF-1, something which is being employed increasingly in recent times to obtain meaningful, structural insights on amorphous polymers. 55, 56 
Experimental
The polymer is prepared using simple Bakelite chemistry by reacting triazine-triresorcinol with terephthaldehyde under solvothermal conditions. A reaction between 4,4 0 ,4 00 -(1,3,5triazine-2,4,6-triyl)tris(benzene-1,3-diol) (0.203 g; 0.5 mmol) and terephthaldehyde (0.100 g; 0.75 mmol) in a solution containing 5 ml 1,4-dioxane + 3 ml tetrahydrofuran was carried out by heating at 200 C for 96 h (Fig. 1 ). The product, a yellowish brown color powder was isolated by ltration and was washed with dimethylformamide (15 ml), tetrahydrofuran (10 ml) and nally with methanol and acetone. The powder was found to be amorphous from powder X-ray diffraction ( Fig. S1 †) .
The eld emission-SEM image indicated the sample to be highly homogeneous microspheres ( Fig. 1b and S2 †). Thermogravimetric analysis revealed exceptional thermal stability of up to 380 C ( Fig. S3 †) . We attribute the stability of HPF-1 to the strong C-C bond formed between the monomers, characteristic of Bakelite. 48, 57 Solid state NMR indicated the presence of Bakelite type couplings ( Fig. 1c ), along with some unsubstituted sites on the resorcinol rings and very few terminal aldehyde groups, which agreed well with the stretching frequencies observed in the infrared spectra ( Fig. S4 †) . 
Results and discussion
The porosity of HPF-1 was established using N 2 adsorption carried out at 77 K ( Fig. 2a ). HPF-1 has a Brunauer-Emmett-Teller (BET) surface area of 576 m 2 g À1 and a Langmuir surface area of 777 m 2 g À1 . A density functional theory based model tted to the adsorption branch of the 77 K N 2 isotherm shows the majority of the pores being 5.5Å in size (inset of Fig. 2a ). Different preparation batches were screened and they gave the same uptake indicating HPF-1 forming as a pure phase with good reproducibility. At 195 K, the material showed a CO 2 uptake of 9.35 mmol g À1 , which represents the saturation CO 2 uptake capacity of the material (Fig. 2b) . The material showed a moderate CO 2 uptake of 2.8 mmol g À1 at 303 K, which is the one of the highest uptake reported for a porous polymer under ambient conditions (Table S1, † selected porous polymers have been compared in this table). Encouraged by seeing a very low uptake of N 2 at room temperature, we carried out CO 2 and N 2 adsorptions at different temperatures.
The Ideal Adsorption Solution Theory (IAST) model was used to calculate the selectivity for CO 2 over N 2 for 85% N 2 : 15% CO 2 composition. It turns out that HPF-1 has a selectivity of 120 : 1 for CO 2 at 303 K and 1 bar pressure ( Fig. 2c ). This is quite high (Table S1 †) and can be attributed to the inherent molecular sieving effect of the ultra-micropores. Interestingly, the selectivity increases with increasing temperature, this is quite rare in porous polymers. 20 This arises due to the CO 2 capacity dropping down much gradually compared to the N 2 with increasing temperatures. This could be due to the stronger interaction of weakly acidic CO 2 with the triazine lined framework compared to N 2 . Such interactions would denitely be exaggerated in small micropores as those present in the polymer.
Chemical stability under harsh conditions such as acidic vapors and hydrolytic stability under steam and boiling water for such porous materials could make them potential candidates for a variety of application including ue gas capture. A typical gas-red ue gas consists of the composition 7.4-7.7% CO 2 , 14.6% H 2 O, $4.45% O 2 , 200-300 ppm CO, 60-70 ppm NO x , and 73-74% N 2 . 58 If a material stable to these harsh conditions can exhibit good low-pressure CO 2 uptake and recyclability, they could make an apt candidate for vacuum swing CO 2 separation applications. 59, 60 With this aim, we subjected HPF-1 to a steady stream of acidic vapors generated by heating a solution containing sulfur trioxide, SO 3 (g) (generated from chlorosulfonic acid) + conc. HNO 3 + H 2 O for about 48 h. Considering the organic nature of HPF-1, in separate tests, we boiled it in water, DMF, water/DMF, DMF/DMSO, n-butanol and toluene. All the above harsh treatments did not result in any product decomposition or any drop in the porosity of the material, as evidenced from their saturation CO 2 uptakes at 195 K ( Fig. 2d ). Demonstration of stability under such harsh chemical environments has been identied as crucial and a few studies on porous organic frameworks and metal organic frameworks have been reported recently. 18, 61 To understand the nature of the pore surface in this polymer, as it is functionalized with polar phenolic groups, we carried out vapor sorption studies using water and toluene as probes. It could be seen that the water sorption isotherm had type III behavior indicating weak adsorbate-adsorbent interactions (Fig. 3a) . The heat of adsorption (HOA) calculated using virial analysis showed a value of 43 kJ mol À1 at zero-loading ( Fig. 3b) , which is lower than what was reported for a hydrophobic Fig. 2 (a) The 77 K N 2 adsorption isotherm of HPF-1. The inset shows the pore size distribution with a high concentration of ultra-micropores (5.5Å) and a hierarchy of pores in the mesoporous regime but in extremely small relative concentrations. (b) Variable temperature CO 2 isotherm with a saturation uptake of $9.5 mmol g À1 at 195 K and a 2.8 mmol g À1 at 303 K, 1 bar. (c) The IAST based CO 2 /N 2 selectivity, it drops down in the presence of humidity, however, is still quite high (90) at 303 K. (d) Comparison of the 195 K saturation CO 2 isotherms of the acid (conc. HNO 3 + SO 3 (g) + boiling water) and solvent (DMF, 150 C) treated HPF-1. material and is just below the heat of vaporization of water. 54 The toluene adsorption, however, shows type I behavior. This is reected in the HOA for toluene with a value of 35 kJ mol À1 at zero-loading, which builds up to a value as high as 62 kJ mol À1 at 2.2 mmol g À1 loading. This could be due to strong adsorbateadsorbate interactions which can be expected for toluene molecules trapped in conned pores. Thus, HPF-1 clearly has stronger interactions with toluene than water. A contact angle measurement on a sample that was prepared by spreading the as-synthesized HPF-1 powder on a glass substrate showed a contact angle of 153 for water ( Fig. 3c) , which conrms its highly hydrophobic surface. Some of the super-hydrophobic polymers touted for their hydrophobicity have this value at 164 . 62 In spite of such a high contact angle, there is not much selectivity towards toluene in the sorption measurements suggesting that the interior of the material, comprising the pores, are not as hydrophobic as the surface.
A zero-loading heat of adsorption for CO 2 in the range of 25-35 kJ mol À1 is indicative of a facile CO 2 recovery. 63 In HPF-1, the HOA of CO 2 , estimated from a virial/DFT model, had a moderate value of 26 kJ mol À1 , implying the possibility of a facile CO 2 regeneration. We have demonstrated this experimentally through a TGA cycling experiment. A near 100% recovery of adsorbed CO 2 by a He sweep at 303 K was obtained on the TGA and een such adsorption/desorption cycles have been carried out without any loss in capacity (Fig. 3d ). From the water sorption studies it is clear that HPF-1 has relatively weak interactions with water, but the uptake of water is still appreciable. This makes it imperative to demonstrate the ability of the material to adsorb CO 2 even aer being exposed to sufficient water or in other words the selectivity of CO 2 over water. For this purpose we have carried out a steam conditioning study wherein other porous materials, with comparable CO 2 uptakes, carbon molecular sieves, ZnAtzOx, 64 zeolite 4A and the title material were activated and then exposed to a ow of humid N 2 (100 ml min À1 over a 75% RH obtained from a saturated NaCl solution maintained at 60 C) for a period of 24 h. This wet material was tested for CO 2 adsorption without any further activation. As can be seen from Fig. 4 , a microporous carbon molecular sieve (3kType-172CMS) loses 39% of its CO 2 capacity and ZnAtzOx loses 55%, zeolite 4A loses 83%, while HPF-1 loses 20% of its CO 2 capacity. Even a hydrophobic standard, silicaalumina (P/N 004/16821/00), loses 40% of its CO 2 capacity (see Section 9 of the ESI †). As can be seen from Fig. 2c , HPF-1's CO 2 /N 2 selectivity drops down in the presence of humidity, however, even for this steam conditioned phase, the selectivity is still quite high (90) at 303 K. And this capacity and selectivity were intact even aer 48 h of steam conditioning.
To quantify the CO 2 adsorption of HPF-1 from a dynamic humid CO 2 stream, in a separate and simple experiment, we activated (evacuated at 160 C for 12 h under 10 À4 Torr) about 1 g of the sample and then exposed it to a ow of humid CO 2 (100 ml min À1 over a 75% RH obtained from a saturated NaCl solution maintained at 60 C) for 24 h. This sample was then cut off from the CO 2 stream and was exposed to ambient conditions to release any CO 2 lling the vessel. The adsorbed CO 2 was desorbed by heating the sample at 60 C and the evolved CO 2 was captured on to a pre-treated solution of CaO (see ESI †). Brisk bubbling was observed followed by the occurrence of a white crystalline precipitate of CaCO 3 , which was extracted by ltration and dried with an acetone wash. Following this, a mass balance was carried out, which indicated the formation of 0.266 g of CaCO 3 from 1 g of HPF-1. (CO 2 ) x , which translates to 2.66 mmol g À1 of CO 2 per gram of HPF-1. This is 5% less than the capacity obtained from a single component CO 2 isotherm. The humidity to which the sample has been exposed during this experiment is much higher than the maximal humidity (15%) expected in a ue gas. Furthermore, the CaCO 3 formed was characterized to be anhydrous CaCO 3 (ICSD: 18165) using PXRD and the TGA indicated a weight loss agreeing extremely well with what was expected for a 2.66 mmol of CO 2 per gram of HPF-1 (Fig. S16 †) .
During our investigation on porous hydrophobic materials, we made an interesting observation that a MOF made up of an alternating uorine and amine lining did not show any CO 2 uptake. 65 Thus, it could be possible that just the presence of hydrophobic sites proximal to a strongly CO 2 interacting site is not sufficient to obtain good CO 2 -framework interactions over water. Or in other words, there has to be an optimal hydrophobic-hydrophilic balance provided by the adjacently positioned functional groups giving rise to adsorption pockets that could favor a less polar CO 2 over water. Here the phenol groups could be providing such hydrophobic-polar environments, as they are known to act as partitioning agents due to their ability to tune their hydrophilic-hydrophobic character depending on the type of substituent on the ring or the environment it is suspended in. 66 To demonstrate the role of the phenolic groups in contributing to the material's hydrophobicity, in another experiment, we loaded the material with $17% of Li (quantied from Microwave Plasma Atomic Emission Spectrometry) and this lithiated sample was subjected to the same steam conditioning treatment. The CO 2 adsorption studies on this Fig. 4 Comparison of the effect of humidity on the CO 2 adsorption behavior of selected porous materials with varying hydrophobichydrophilic character and similar CO 2 uptakes. All isotherms were carried out at 303 K. Important: after the steam conditioning the material was not subjected to any activation. Note: spheres represent the activated phase; squares represent the steam conditioned phase.
humidied lithiated sample show a drastic 56% drop in CO 2 capacity (Fig. 4) . A video has been presented in the ESI † to demonstrate the complete loss of surface hydrophobicity with this $17% Li loading, clearly expressing the critical role of phenol groups in providing a hydrophobic texture to the material.
In recent times, a simulation based approach has been shown to bring signicant structural insights on porous polymers. 47, 55, 56 Experimental structure determination is almost impossible owing to the lack of solubility in these highly crosslinked polymers preventing the use of techniques such as gel permeation chromatography or routine solution NMR. To obtain a probable structure of HPF-1, we created a small oligomer by combining the monomers in a 2 : 3 ratio and minimized its structure using DFT methods with Materials Studio. Then we carried out random polymerization with it to obtain a larger oligomer (polymer). The polymer thus generated could take different congurations depending on the slight differences in the geometry of the initial energy minimized smaller oligomer. However, the geometric constraints in terms of acceptable bond lengths, angles and van der Waals distances applied during these operations avoided the generation of too many metastable structures with shallow local minima. Three low energy polymer congurations were chosen based on the nal energy (alpha-, beta and gamma, Fig. S16 †) . These were then minimized again using tight-binding DFT methods (DFT-TB). Following this, an amorphous cell was created independently for the alpha, beta and gamma phases. Again, a DFT tight-binding calculation was done to optimize the geometry, lattice parameters and the energy. This yielded a structure with a triclinic cell: P1; a ¼ 37.8895Å, b ¼ 35.1144Å, c ¼ 23.5303Å, a ¼ 89.768(2) , b ¼ 91.638(4) , and g ¼ 100.648(4) (Fig. 5 ). During the entire process complete rotational and torsional freedom was maintained. We remark that only when the initial oligomer was properly geometry optimized, could the larger oligomer be formed with acceptable bonds and favorable van der Waals requirements. The lowest energy polymer conguration, alpha, had relative energies two and three times lower than the beta and gamma, respectively ( Fig. 5 and S18 †). The structure of the alpha phase had highly corrugated ultra-micropores, which are lined by the phenol groups from the resorcinol unit and the nitrogens of the triazine groups protrude along the walls making them accessible. A Connolly representation shows the presence of three-dimensional access via small ultra-microporous openings (Fig. 5d ). The surface area calculations done using Materials Studio yielded a theoretical surface area of 570 m 2 g À1 (exptl BET and 77 K N 2 : 576 m 2 g À1 ) and a pore volume of 0.24 cm 3 g À1 (exptl, 77 K N 2 : 0.27 cm 3 g À1 ). We simulated the pure-component (0-1 bar) isotherms at 303 K for both CO 2 and N 2 for all the three congurations using a Monte-Carlo method (Accelrys). 64 The simulated isotherm matched exceptionally well with the experimental one (Fig. 6a ), but only for the alpha form. From the simulations, the average heat of adsorption was estimated to be 30 kJ mol À1 which is very close to the experimentally determined 26 kJ mol À1 (inset of Fig. 6a ).
The complex pore structure of HPF-1 comprising of extremely corrugated channels could pose possible diffusion limitations to the movement of CO 2 molecules across the polymer. To address this, the diffusion of CO 2 within the hydrophobic-polar channels of the HPF-1 was measured using the rate of adsorption studies. The equilibration kinetics associated with 10 different pressure points were extracted and the data were tted to a spherical pore model (Fig. S19 †) . 67 A CO 2 self-diffusivity coefficient of 10 À9 m 2 s À1 was calculated, (Fig. 6b ) which is higher than the value obtained for zeolites and is comparable to some of the MOFs. [68] [69] [70] In fact, these diffusivity values are similar to those obtained for HTFP, a highly hydrophobic MOF, built from ligands rich in aromatic groups. 68 Also, the CO 2 diffusion in HPF-1 appears considerably facile compared to a uorine lined ultra-microporous MOF. 71 This could be due to the relatively weaker framework-CO 2 interactions in HPF-1. The CO 2 self-diffusivities used in these comparisons are for materials that are being used in industrial CO 2 capture and the ones that have been identied as potential candidates. However, there is a marked difference in the pathways that CO 2 would be travelling through, this difference arises from the pore sizes and also from the structure of the pore walls. 4 Given this, the MOFs and porous organic polymers with larger pores and with so or exible pore walls are always expected to have an advantage over zeolites with narrow windows and rigid pore walls. The jumps found in the diffusivity values with increasing CO 2 loadings (Fig. 6b ) could be due to the corrugated pores making the structure digress from the spherical model. Yet, other models (linear or slab) did not t well. To the best of our knowledge, till date there are no reports of CO 2 kinetics in porous polymers.
Conclusions
Here, we have synthesized a porous polymer by employing a triresorcinol with a triazine core as the building unit. The emphasis of the material includes its ability to selectively capture CO 2 over N 2 , and its exceptional stability under harsh conditions (NO x , SO x , and steam) that mimic ue gas environments. Such stability from a porous material is highly desirable and we attribute it to the lack of hydrolyzable groups and the polymer backbone being built up from C-C bonds. When the adsorption was carried out using a humid CO 2 stream the material loses only about 5% of its capacity, still having a selectivity of 90 : 1. Converting 17% of the phenol groups into -OLi results in a complete loss of the surface hydrophobicity exemplifying the role of phenolic groups in providing hydrophobicity. To obtain structural insights that could explain the hydrophobic-hydrophilic character of the material, we have proposed a structure based on amorphous cell simulation. HPF-1 has corrugated ultra-microporous channels copiously lined with phenol groups and basic triazine units which agrees extremely well with our expectations of the pore surface based on solvent sorption studies and preferential CO 2 sorption. The 303 K CO 2 adsorption isotherms and the associated HOA proles simulated based on this structure seem to match well with the experimentally observed ones, which add to the condence of the proposed structure. In fact, HPF-1 brings out a phenol-triazine-aldehyde based chemistry which enables us to develop porous polymers with a ne balance between hydrophobicity and polar character. The catalyst-free and easily upscalable synthesis and cheap ingredients make this class of materials an attractive target.
